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ABSTRACT 

We investigate the environmental dependence of star formation in cluster virial regions and infall 
regions as part of CAIRNS (Cluster And Infall Region Nearby Survey), a large spectroscopic survey 
of the infall regions surrounding nine nearby rich clusters of galaxies. We use complete, homogeneous 
spectroscopic surveys of K s limited samples in eight of the CAIRNS clusters. Our long-slit spectroscopy 
yields estimates of star formation rates in environments from cluster cores to the general large-scale 
structure. Galaxies in infall regions probe whether processes affecting star formation are effective over 
scales larger than cluster virial regions. The fraction of galaxies with current star formation in their inner 
disks as traced by Ha emission increases with distance from the cluster and converges to the "field" value 
only at 2-3 virial radii, in agreement with other investigations. However, among galaxies with significant 
current star formation (EW[Ha]>2A), there is no difference in the distribution of EW[Ha] inside and 
outside the virial radius. This surprising result, first seen by Carter et al., suggests that (1) star formation 
is truncated on either very short timescales or only at moderate and high redshifts or (2) that projection 
effects contaminate the measurement. We quantify the possible impact of mechanisms which only affect 
the outer parts of galaxies and thus might not be detected in this survey or any fiber-based survey. 
The number density profiles of star-forming and non-star- forming galaxies indicate that, among galaxies 
projected inside the virial radius, at least half of the former and 20% of the latter arc "infall interlopers," 
galaxies in the infall region but outside the virial region. We show that the kinematics of star-forming 
galaxies in the infall region closely match those of absorption-dominated galaxies. This result shows 
that the star forming galaxies in the infall regions are not interlopers from the field and excludes one 
model of the backsplash scenario of galaxy transformation. Finally, we quantify systematic uncertainties 
in estimating the global star formation in galaxies from their inner disks. 

Subject headings: galaxies: clusters: general — galaxies: clusters: individual (A119, A168, A194, A496, 
A539, A1367, Al656(Coma), A2199) — galaxies: kinematics and dynamics — 
galaxies:fundamental parameters 



1. INTRODUCTION 

One of the most striking features of galaxy clusters at 
the present epoch is their deficit of late-type galaxies rela- 
tive to the overall galaxy population in magnitude limited 
samples. This feature was noted by Hubble & Humason 
(1931), and eventually quantified by Dressier (1980). Sim- 
ilar trends are seen in galaxy groups (Postman & Geller 
1984), suggesting that groups may play an important role 
in establishing the morphology-density relation. This mor- 
phological segregation is reflected in segregation of spec- 
tral types, i.e., galaxies in dense environments are much 
less likely than those in less dense environments to show 
evidence of ongoing star formation in their spectra (e.g., 
Salzer 1989; Carter et al. 2001, and references therein). A 
third method of galaxy classification is to separate them 
by their broadband colors. Morphology, color, and spec- 
tral type are well correlated, but there are galaxies such 
as "passive spirals" that would be classified differently in 
these different schemes (Koopmann & Kenney 1998; Goto 
et al. 2003). Here, we focus on spectral information, in 
particular Ha emission, which traces current star forma- 
tion. 

Recently, several investigators have found that these 
population differences are not restricted to cluster virial 
regions. Galaxy properties seem to converge to those of 
field galaxies only at 2-3 virial radii (Abraham et al. 1996; 
Balogh et al. 1997; Diaferio et al. 2001; Ellingson et al. 
2001; Lewis et al. 2002; Gomez et al. 2003; Balogh et al. 



2004; Gray et al. 2004; Tanaka et al. 2004). The two 
leading explanations for the presence of these galaxies are 
preprocessing by infalling groups (and/or filaments) and 
"backsplash" . In the backsplash model, some galaxies at 
large radii have passed through the virial region of the 
cluster and thus may have undergone environmental trans- 
formation within the virial radius. 

These differences may result from the types of galaxies 
that form in different environments or from environmen- 
tal processes (or more likely, some mixture of the two). 
Truly environmental mechanisms are strongly implicated 
by the observation that cluster galaxies have different star 
formation properties than field galaxies with similar stel- 
lar mass, morphology, and mean stellar age (Christlein 
& Zabludoff 2005). Several physical mechanisms can alter 
star formation in galaxies as they enter dense environments 
(see Treu et al. 2003, for a clear summary of these mech- 
anisms). Infall regions (where galaxies are infalling onto 
the main cluster but have not yet reached equilibrium) 
provide a unique probe of the environmental scale which 
determines galaxy properties: infall regions are overdense 
averaged over scales of 5-10/i _1 Mpc (because they are near 
a cluster) but they contain a wide range of local densities 
measured on scales of roughly l/i _1 Mpc (e.g., groups and 
filaments) . 

Ongoing massive star formation produces Ha emission 
from Hn regions. The strength of this emission line is 
a good measure of the current star formation rate. Ha is 
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relatively insensitive to metallicity, unlike some star forma- 
tion tracers including [On] (Kewley et al. 2004) . The exis- 
tence of galaxies with little or no star formation but late- 
type morphologies suggests that star formation is more 
sensitive to environment than morphology (van den Bergh 
1976; Koopmann & Kenney 1998; Goto et al. 2003; Vogt 
et al. 2004; Kodama et al. 2004). 

Here, we study the Ha properties of a large, homoge- 
neous spectroscopic sample of galaxies in the virial regions 
and infall regions of eight nearby clusters from CAIRNS 
(The Cluster And Infall Region Nearby Survey, see Rines 
et al. 2003, hereafter Paper I). This survey is the largest 
sample of long-slit spectra in cluster infall regions to date. 
Even with long-slit spectra, the spectral properties are 
weighted towards those of the inner disks (radii of ^3 
kpc). Because CAIRNS probes rich clusters, we probe 
densities up to an order of magnitude larger than studies 
based on 2dF and SDSS (which at present contain rela- 
tively few rich, nearby clusters). The spectroscopic cata- 
logs are complete in the near-infrared to absolute magni- 
tude M Ks = -22.7+51og/i using photometry from 2MASS, 
the Two-Micron All-Sky Survey (Skrutskie et al. 1997). 
This limit is approximately one magnitude fainter than 
Mj^, the characteristic magnitude of the luminosity func- 
tion averaged over all environments (Cole et al. 2001; Rines 
et al. 2004). Our selection of galaxies in the near- infrared 
leads to a sample that is much closer to a sample selected 
by stellar mass than samples selected at optical wave- 
lengths. Because of the shape of the galaxy luminosity 
function, a substantial fraction of any magnitude or lumi- 
nosity limited sample consists of galaxies close to the faint 
limit. In optically selected samples, the stellar masses of 
star forming galaxies near the survey limit are smaller than 
the stellar masses of galaxies near the survey limit without 
star formation. Thus, near infrared selection significantly 
reduces this potential systematic bias. 

There are two related but separable issues when study- 
ing star formation rates in cluster galaxies. The first is 
the fraction of the total galaxy population with significant 
current star formation. Bright galaxies in the cores of clus- 
ters show little evidence of recent star formation; we probe 
the radial extent of this effect. The second issue is the 
distribution of star formation rates among galaxies with 
current star formation. Separating these issues should 
help clarify the physical mechanisms responsible for the 
transformation (Balogh et al. 2004). For instance, mech- 
anisms which truncate star formation on short timescales 
(like ram pressure stripping) would likely produce a rel- 
atively sharp population gradient but leave the distribu- 
tion of SFRs unchanged. Mechanisms which operate over 
several Gigayears would likely produce milder population 
gradients but with a larger change in the SFR distribution 
(i.e., dense regions would contain more galaxies with small 
but non-zero SFRs). 

We describe the observations in §2. We discuss the dis- 
tribution of galaxies with and without Ha emission in §3. 
In §4, we discuss the distribution of equivalent widths 
in different environments. We discuss our results in §5 
and conclude in §6. We assume a cosmology of Ho = 
100 h km s" 1 , n m = 0.3, n A = 0.7 throughout.' 

2. OBSERVATIONS 



2.1. The CAIRNS Cluster Sample 

We selected the CAIRNS parent sample from all nearby 
(cz < 15,000 km s _1 ), Abell richness class R > 1 (Abell 
et al. 1989), X-ray luminous (L x > 2.5 x 10 43 ft" 2 erg 
s _1 ) galaxy clusters with declination S > —15°. Using X- 
ray data from the X-ray Brightest Abell Clusters catalog 
(Ebcling et al. 1996), the parent cluster sample contains 
14 systems. We selected a representative sample of 8 of 
these 14 clusters (Table 1). The cluster properties listed 
in Table 1 are from Paper I. The 6 clusters meeting the 
selection criteria but not targeted in CAIRNS are: A193, 
A426, A2063, A2107, A2147, and A2657. The 8 CAIRNS 
clusters span a variety of morphologies, from isolated clus- 
ters (A496, A2199) to major mergers (A168, A1367). Note 
that we omit A576 from the present sample because it lacks 
uniform, homogeneous spectroscopy (§2.3). 

The redshift limit is set by the small aperture of the 1.5- 
m Tillinghast telescope used for the vast majority of our 
spectroscopic observations. The richness minimum guar- 
antees that the systems contain sufficiently large numbers 
of galaxies to sample the velocity distribution. The X-ray 
luminosity minimum guarantees that the systems are real 
clusters and not superpositions of galaxy groups (cf. the 
discussion of A2197 in Rines et al. 2001a, 2002). Three 
additional clusters with smaller X-ray luminosities (A147, 
A194 and A2197) serendipitously lie in the survey regions 
of A168 and A2199. A147 and A2197 lie at nearly identical 
rcdshifts to A168 and A2199; their dynamics are proba- 
bly dominated by the more massive cluster (Rines et al. 
2002). A194, however, is cleanly separated from A168 and 
we therefore analyze it as a ninth system. The inclusion of 
A194 extends the parameter space covered by the CAIRNS 
sample. The X-ray temperature of A194 listed in Ebcling 
et al. (1996) is an extrapolation of the Lx — Tx relation; in 
Table 1 we therefore list the direct temperature estimate of 
Fukazawa et al. (1998) from ASCA data. Fukazawa et al. 
(1998) list X-ray temperatures for 6 of the 9 CAIRNS clus- 
ters which agree with those listed in Ebcling et al. (1996). 

In Paper I, we applied a hierarchical clustering analysis 
(described in Diaferio 1999) to the redshift catalogs to de- 
termine the central coordinates and redshift of the largest 
system of galaxies in each cluster. We adopt these hier- 
archical centers as the cluster centers. We then used the 
caustic technique to compute mass profiles for the clusters 
to very large radii. We define the cluster virial region as 
the volume inside r 2 oo {r& is the radius within which the 
enclosed mass density is Sp c , where p c is the critical den- 
sity). The infall region is the volume between r^m and 
T3.5, which corresponds to the turnaround radius r t of a 
spherical overdensity (Regos & Geller 1989). Empirically, 
r t rj 5r 2 oo- Note that R$ refers to r$ in projection; it has 
the same numerical value and is used only to emphasize 
projected quantities. 

2.2. 2MASS Photometry 

2MASS is an all-sky survey with uniform, complete pho- 
tometry (Nikolaev et al. 2000) in three infrared bands (J, 
H, and K s , a modified version of the K filter truncated at 
longer wavelengths). We use photometry from the final 
extended source catalog (XSC, Jarrett et al. 2000). The 
2MASS XSC computes magnitudes in the if s -band using 
several different methods, including aperture magnitudes 
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Table 1 
CAIRNS Parent Population 



Cluster 


X-ray Coordinates 


CZQ 


<j p 


Lx 


T x 


Richness 




RA (J2000) 


DEC (J2000) 


km s _1 


km s _1 


10 43 fe- 2 ergs s- 1 


keV 




A119 


00 56 12.9 


-01 14 06 


13268 


698^35 


8.1 


5.1 


1 


A168 


01 15 08.8 


+00 21 14 


13395 


579±f 


2.7 


2.6 


2 


A496 


04 33 35.2 


-13 14 45 


9900 


701 +35 
' zi -30 


8.9 


4.7 


1 


A539 


05 16 32.1 


+06 26 31 


8717 


734lg 


2.7 


3.0 


1 


A576 a 


07 21 31.6 


+55 45 50 


11510 


1009 + 3g 


3.5 


3.7 


1 


A1367 


11 44 36.2 


+19 46 19 


6495 


782±«| 


4.1 


3.5 


2 


Coma 


12 59 31.9 


+27 54 10 


6973 


1042±|g 


18.0 


8.0 


2 


A2199 


16 28 39.5 


+39 33 00 


9101 


79611 


9.1 


4.7 


2 


A194 


01 25 50.4 


-01 21 54 


5341 


4951- 


0.4 


2.6 






"Omitted from the present sample because it lacks uniform spectroscopy. 



(using a circular aperture with radius 7"), isophotal mag- 
nitudes which include light within the elliptical isophote 
corresponding to /ix s =20 mag/arcsec 2 , Kron magnitudes, 
and extrapolated "total" magnitudes ( Jarrett et al. 2000) . 
The sky coverage of the catalog is complete except for 
small regions around bright stars. 

The 2MASS isophotal magnitudes omit ~15% of the to- 
tal flux of individual galaxies (K01). C01 compare 2MASS 
photometry from the Second Incremental Data Release 
(2IDR) with deeper infrared photometry from Loveday 
(2000). They find that Kron magnitudes are slightly fainter 
than the total magnitudes in deeper surveys (see also An- 
dreon 2002) and that 2MASS extrapolated total magni- 
tudes are slightly brighter than Kron magnitudes (for the 
deeper survey these are close to total magnitudes) from 
the deeper survey. 2MASS is a relatively shallow survey 
and thus likely misses many low surface brightness galax- 
ies (Andreon 2002; Bell et al. 2003). In this work we fo- 
cus on bright galaxies (which typically have high surface 
brightness); thus, this bias is less important here than for 
estimates of the global luminosity density or stellar mass 
density. Except where noted, we define "bright galaxies" 
as those with M Ks = -22.7 + 51og/i. 

We use the iCj-band survey extrapolated "total" mag- 
nitudes. Galactic extinction is minor in the near-infrared. 
We correct for Galactic extinction by using the value in 
the center of the cluster which we estimate from the dust 
maps of Schlegel et al. (1998). We make K corrections 
and evolutionary corrections of <0.15 magnitudes based 
on Poggianti (1997). Because these corrections are small 
and not strongly dependent on the galaxy model at the 
rcdshifts of the CAIRNS clusters, we apply a uniform cor- 
rection for all galaxies in a given cluster interpolated from 
the model Elliptical SED with solar metallicity and a star- 
formation e-folding time of 1 Gyr. 

2.3. Spectroscopy 

We have collected 15767 redshifts within a radius of 
~10/i- 1 Mpc of the 9 clusters in the CAIRNS sample (Pa- 
per I) and an additional 515 redshifts to obtain complete 
near- infrared selected samples (Rines et al. 2004). The 
spectra were obtained with the FAST spectrograph (Fab- 



ricant et al. 1998) on the 1.5-m Tillinghast telescope of the 
Fred Lawrence Whipple Observatory (FLWO). FAST is a 
high throughput, long slit spectrograph with a thinned, 
backside illuminated, antireflection coated CCD detector. 
The slit length is 180"; our observations used a slit width 
of 3" and a 300 lines mm -1 grating. The slit orienta- 
tion is fixed at 90° (E-W) for nearly all observations to 
maximize observing efficiency. This setup yields spec- 
tral resolution of 6-8A and covers the wavelength range 
3600-7200A. We obtain rcdshifts by cross-correlation with 
spectral templates of emission-dominated and absorption- 
dominated galaxy spectra created from FAST observations 
(Kurtz & Mink 1998). The typical systematic uncertainty 
in the redshifts is 30 km s _1 ; the statistical uncertainty is 
usually comparable. 

The target catalogs were constructed first with pho- 
tographic plates (see details in Paper I) and later with 
2MASS (Rines et al. 2004). The redshift catalogs are 
essentially complete to at least Mk s — — 22.7 + 51og/i 
(our definition of "bright galaxies") with some sampling 
of fainter galaxies from the optical catalogs. This limit is 
roughly 1 magnitude fainter than M£ s for field galaxies 
(Cole et al. 2001) and contains ^60% of the total cluster 
light (in galaxies) assuming that the cluster and field LFs 
are identical. The completeness limits in absolute magni- 
tudes of the clusters lie in the range -22.70< MK s ,u m — 
51og/i <-21.42; we use these slightly deeper limits to reduce 
statistical uncertainties when studying individual cluster 
properties with small numbers of "bright galaxies". We 
drop A576 from the sample because most of the spectra 
in the cluster core were obtained with different instrumen- 
tation (Mohr et al. 1996). Rather than correct for differ- 
ences in instrumentation for this one cluster, we restrict 
our study to clusters with substantially complete FAST 
spectroscopy. Table 2 lists the number of bright galaxies 
in the virial region of each cluster (R p < i?20o), m the in- 
fall region (1< i? p /i?200 <5), and the sum of the two. The 
radius r2oo is the radius within which the enclosed matter 
density is 200 times the critical value (i?200 is this radius 
for projected radii). In a critical density universe, r 2 oo 
is about equal to the virial radius; in a ACDM universe, 
the virial radius is approximately ri o ~ 1.4r 2 oo- Table 
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2 shows that we have FAST spectra for 92.4% of bright 
galaxies with i? p /i?200 <5. Note that A119 and A168 have 
a projected separation of 10.7 /i _1 Mpc w 9.7i?200- Thus, 
the outskirts of A119 and A168 overlap. 

An important difference between the FAST spectra col- 
lected for CAIRNS and those collected for other, larger 
rcdshift surveys (Colless et al. 2001; Stoughton et al. 2002) 
is that the S/N is similar for bright and faint galaxies. 
CAIRNS suffers no incompleteness due to fiber placement 
constraints. Another difference is that the long-slit FAST 
spectra sample light from larger fractions of the galaxies 
than fiber spectra. Thus, the effects of aperture bias (e.g., 
Kochanek et al. 2003; Kewley et al. 2005) on spectral clas- 
sification are greatly reduced. Carter et al. (2001) show 
that a spectroscopic survey of field galaxies obtained with 
identical instrumentation in a similar redshift range con- 
tains no significant aperture bias. 

However, there is an important caveat about aperture 
bias. Many Virgo spirals (Koopmann & Kenney 2004) as 
well as some spirals in other nearby clusters (Vogt et al. 
2004) show evidence of truncated Ha disks. Because these 
truncated disks are rare in samples of field galaxies, esti- 
mates of aperture bias based on field samples (Carter et al. 
2001; Kewley et al. 2005) may not apply to cluster sam- 
ples. We discuss this issue further in §5. The CAIRNS 
spectra should present an unbiased picture of the star for- 
mation properties of the inner parts of galaxies (radii <3 
kpc), but future studies (with either narrowband imag- 
ing and/or integrated spectra) are required to see whether 
these relations accurately represent global star formation 
properties. 

Our spectroscopic catalog contains many foreground and 
background galaxies. We can use these spectra to inves- 
tigate possible systematic differences between galaxies in 
cluster, infall, and field environments. Note, however, 
that our catalog of field galaxy spectra is not complete. 
In particular, we do not have spectra for (preferentially 
bright) galaxies with previously measured redshifts which 
we classify as foreground or background galaxies. We use 
field galaxy spectra only in the redshift interval 2000-12000 
km s _1 to minimize the effects of aperture corrections and 
to avoid Virgocentric infall (Table 2). Curiously, the distri- 
bution of absolute magnitudes Mk s for our field galaxies 
with FAST spectra is extremely similar to that of clus- 
ter/infall members (a K-S test fails to differentiate them 
at the 90% confidence level despite having samples of over 
600 galaxies), while both differ significantly from the dis- 
tribution of galaxies without FAST spectra. This happy 
circumstance means that our field sample is well matched 
to our cluster and infall region sample. 

2.4. Spectroscopic Indices and Types 

We measure spectroscopic properties of the galaxies in 
several emission lines. We extract ID spectra from the 
2D spectra selecting apertures along the slit which maxi- 
mize the S/N. The resulting ID spectra thus oversamplc 
the inner few kpes of the galaxies relative to integrated 
spectra. We calculate equivalent widths in the lines from 
the ID spectra using the bandpasses for lines and continua 
listed in Table 3. These bandpasses are the ones used by 
Carter et al. (2001) to study galaxies in the 15R survey 
except for H/3, for which we modify the continuum region 



so that it excludes the [Oiii]A4949 line. Because we focus 
on emission lines, we adopt the convention that emission 
lines have positive equivalent width. 

We divide the sample into two main subsamplcs of galax- 
ies with and without emission lines (we refer to the latter 
sample as absorption galaxies). We define the emission line 
sample as galaxies with EW[Ha]>2.oA. We do not correct 
for stellar absorption, which is typically «1.0A (Balogh 
et al. 2004). We also do not correct EW[Ha] for absorption 
by dust because we assume that the extinction to contin- 
uum and to Hll regions are identical. If this assumption is 
incorrect (Calzetti 2001), then Balmer decrements are nec- 
essary to obtain accurate SFR estimates. However, the en- 
vironmental trends we investigate here should be robust to 
this effect unless the relative extinctions of continuum and 
Hn regions depend on environment. The median statisti- 
cal uncertainty in EW[Ha] is «0.3A; the spectral classifi- 
cation of emission/non-emission lines is robust (less than 
3% of galaxies have EW[Ha] within la of 2.0A). Our cut- 
off for emission line galaxies is slightly more generous than 
that of Balogh et al. (2004), who uses EW[Ha]>4A (after 
adding l.oA to the EW to correct roughly for Ha absorp- 
tion). We do not convert EW[Ha] to fluxes because few 
of the spectra have significant detections of H/3 required 
to estimate the extinction correction. The single criterion 
EW[Ha]>2A leads to some contamination of the absorp- 
tion galaxy subsample by galaxies with obscured star for- 
mation and/or obscured AGN. For this reason and because 
the signal-to-noise ratios of the spectra are not uniform 
across the sample, this definition may misclassify galax- 
ies with weak emission lines in their spectra as absorption 
line galaxies. The classification is therefore a separation 
of gas-rich (including AGN) and gas-poor systems, with 
some contamination of the gas-poor subsample. 

We directly compare several FAST spectra in the fields 
of A119 and A168 to SDSS spectra and find that there is 
very good agreement in spectral classification (the pres- 
ence or absence of Ha emission) . There is substantial, but 
not surprising, scatter in the values of EW[Ha], probably 
due to the inhomogeneous nature of Ha emission (e.g., 
the inclusion or exclusion of a single HII region can signif- 
icantly affect the inferred EW[Ha]). A full comparison of 
FAST and SDSS spectra is beyond the scope of this work. 

We further divide the subsample of galaxies with emis- 
sion lines into AGN-dominated galaxies and star forming 
galaxies using the line diagnostics of Kewley et al. (2001). 
The lack of accurate H/3 data (due to stellar absorption 
and weaker emission lines) prevents this classification from 
being very robust; thus we inspect all the emission- line 
spectra interactively with the IRAF routine splot to in- 
clude AGN with no detected H/3 or where broad lines af- 
fect the line indices. These diagnostics only classify emis- 
sion as dominated by AGN if it is impossible to reproduce 
the emission lines with Hn region photoionization mod- 
els. The diagnostics of Kewley et al. (2001) classify some 
galaxies as star forming that would be classified by Veilleux 
& Osterbrock (1987) as AGN. The AGN fraction is small 
among bright if s -selected galaxies; within 5i?2oo, the AGN 
fraction is 2.8±0.6%. This fraction is smaller than the 
-20% in the studies of Carter et al. (2001) and Kauff- 
mann et al. (2003), mostly due to the different diagnostics 
used. The AGN fraction is sufficiently small that we ig- 
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Table 2 

CAIRNS Virial and Infall Region Membership 



Cluster 


-^200 




Ntot 


A119 


52(40) 


71(67) 


123(107) 


A168 


38(25) 


79(74) 


117(99) 


A496 


40(38) 


40(37) 


80(77) 


A539 


32(21) 


26(22) 


58(43) 


A1367 


44(44) 


58(57) 


102(101) 


Coma 


97(97) 


115(115) 


212(212) 


A2199 


55(50) 


159(145) 


214(195) 


A194 


20(20) 


20(20) 


40(40) 


All 


378(335) 


568(539) 


946(874) 


Field 






656 



"Numbers in parentheses are the number of galaxies with FAST spectra. 



Table 3 
Line Index Definitions 



Index 


Blue Continuum 


Line Region 


Red Continuum 






(A) 


(A) 


(A) 


[On] 


3727.3A 


3653.0—3716.3 


3716.3—3738.3 


3738.3—3803.0 




4861.31 


4771.3—4831.3 


4841.3—4881.3 


4891.3—4951.3 


[Om] 


5006.8A 


4891—4945 


4995—5019 


5021—5087 


[Nil] 


6548. lA 


6505—6535 


6538.1—6558.1 


6597—6627 


Ha 


6562. 8A 


6505—6535 


6554.5—6574.5 


6597—6627 


[Nil] 


6583.4A 


6505—6535 


6573.4—6593.4 


6597—6627 



nore the AGN/Hn classification in the next section where 
we discuss the environmental dependence of the fraction 
of galaxies with emission lines. 

3. DISTRIBUTION of spectroscopic types 

3.1. Radial Distribution of Spectroscopic Types 

Figure 1 shows the fraction of galaxies (with FAST spec- 
tra) in the emission/absorption subsample as a function of 
clustrocentric radius. The solid lines in each panel show 
the expected fraction of emission line galaxies in a field 
sample with the same limiting absolute magnitude as the 
cluster in that panel. We estimate this fraction from the 
field galaxy spectra in our catalog in the rcdshift inter- 
val 2000-12000 km s" 1 . The fraction of bright (M Ks < 
—22.7 + 51og/i) galaxies with emission lines is similar to 
the fraction in the complete magnitude-limited survey of 
Carter et al. (2001). The limiting absolute magnitudes of 
the clusters lie in the range -22.70< M.K e ,u m — 51ogft <- 
21.42; the fractions of emission line galaxies in similarly se- 
lected "field" samples lie in the range 0.27< Jelg <0.46, 
similar to the fraction in the complete magnitude-limited 
survey of Carter et al. (2001). Figure 1 and a similar figure 
in §3.5 are the only results shown for a cluster-dependent 
MK s ,Um rather than for only "bright galaxies" (defined by 
Mk s < —22.7+ 51og/i). The emission fraction profiles to 
a fixed luminosity cutoff are very similar but have poorer 
statistics, especially for the poor cluster A194. The out- 
skirts of A119 and A168 overlap (§2.3); Figure 1 shows 
that the emission-line fraction at the midpoint is roughly 
equal to the field value. 



We confirm that the fraction of galaxies with current 
star formation does not reach the field value until 2-3 -R200 
(-R200 roughly equals the virial radius) from the centers of 
clusters (Abraham et al. 1996; Balogh et al. 1997; Diafe- 
rio et al. 2001; Ellingson et al. 2001; Lewis et al. 2002; 
Gomez et al. 2003; Balogh et al. 2004). Figure 1 demon- 
strates that this effect is observable in individual clusters, 
although there appear to be cluster-to-cluster variations 
in the exact shape of this profile. As in Paper I, clusters 
are ordered left to right and top to bottom in order of de- 
creasing X-ray temperature, a good proxy for virial mass. 
The gradients appear smoothest for the hottest clusters, 
although the coolest cluster (A194) also shows a smooth 
gradient. Figure 2 shows the emission fraction in the com- 
posite CAIRNS cluster; the emission fraction converges to 
the field value at «2i?200- Because the cluster masses are 
well determined (the statistical uncertainties in the cor- 
rected virial masses are < 15%; see Paper I), the uncertain- 
ties in r2oo oc M 1 / 3 should not affect the cluster-to-cluster 
comparison or the construction of the composite cluster. 
Assuming that the population variation is caused by envi- 
ronment, this result can be interpreted in two ways. Either 
(1) infalling galaxies are "preprocessed" at high densities 
in filaments and groups in the infall regions, or (2) a sig- 
nificant number of galaxies projected at large radii have 
already passed near the cluster center and are observed 
on "first outfall" or second infall. The "preprocessing" in- 
terpretation implicates relatively local processes such as 
galaxy-galaxy interactions; the latter "backsplash" sce- 
nario implicates processes such as ram pressure stripping 
that are strongest near cluster centers. 
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Fig. 1. — Fraction of bright galaxies with (solid lines) and without (dashed lines) Ha emission as a function of distance from the cluster 
center in units of i?200- The lines show the fractions in moving averages of 25 galaxies and the errorbars arc placed at independent bins and 
indicate Poisson uncertainties. The samples for each cluster are selected by absolute magnitude (Mk s < M Ks n m ) with a slightly different 
limit for each cluster. Horizontal lines in each panel show the 1-cr range of the fraction of emission line galaxies in field samples to the same 
limiting luminosity. 



The infall region of A2199 offers an interesting discrimi- 
nant between the two scenarios because it contains several 
X-ray emitting groups (Rines et al. 200fb, 2002). Under 
the preprocessing scenario we would expect that the frac- 
tion of galaxies with emission lines would not converge 
to the field value until well outside r2oo- The fraction of 
emission-line galaxies in A2199 quickly rises to the field 
value just outside -R2001 but the fraction then decreases 
at the radius of the infalling X-ray groups A2197W and 
A21 97E (Figure 1). This result supports the preprocessing 
scenario. 

Unlike the other clusters, the emission fraction in A168 
shows only a very weak radial trend. Part of this difference 
results from the unrelaxed nature of Af 68 (Paper I); the X- 
ray and optical centers are offset by f 60 ft, _1 kpc. When we 
plot the emission fraction versus distance from the X-ray 
center, the trend is closer to those of the other CAIRNS 



clusters. Although these cluster-to-cluster variations are 
interesting, we caution the reader that the appearance of 
clusters can vary dramatically depending on projection ef- 
fects (e.g., Diaferio f999); thus one must be cautious not 
to overinterpret these variations. 

Figure 3 shows the number density profiles of emission 
and absorption galaxies. Because the caustics which we 
use to define membership extend to a different radius R ma x 
for each cluster (Paper 1), the profiles are incompletely 
sampled (and therefore underestimated) outside ~ 2i?200- 
We do not weight by cluster richness; each galaxy has an 
equal weight. Both profiles are fit well by NFW profiles 
(Navarro et al. 1997), with scale radii of « 0.23r 2 oo for 
the absorption galaxies and w 1.25r 2 oo for the emission- 
line galaxies. The implied NFW concentration parameter 
c = r2m/ r s is therefore 4.3 (3.3-5.9 at 68% confidence) and 
0.8 (0.4-1.7 at 68% confidence) for absorption and emis- 
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Fig. 2. — Fraction of bright galaxies (M Ks < -22.7) with (solid 
lines) and without (dashed lines) Ha emission as a function of dis- 
tance from the composite cluster center in units of i?200 ■ The lines 
show the fractions in moving averages of 50 galaxies and the error- 
bars are placed at independent bins and indicate Poisson uncertain- 
ties. Horizontal lines show the 1-cr range of the fraction of emission 
line galaxies in field samples to the same limiting luminosity. 



sion line galaxies respectively, and c « 3.3 for all galaxies 
combined. This last number agrees with the results of 
a separate study which uses statistical background sub- 
traction to determine membership (Lin et al. 2004). For 
comparison, the caustic mass profiles yield estimates of 
c = 5 — 17 for the CAIRNS clusters. Cluster galaxies are 
therefore less concentrated than dark matter in the clus- 
ter, although the concentration of absorption-line galaxies 
is similar to the smallest values of c of the mass profiles. 

Carlberg et al. (1997) fit Hernquist (1990) profiles to 
the number density profiles of blue and red samples from 
the CNOC1 survey. Using Hernquist profiles, the scale 
radius of the absorption-line galaxy sample in CAIRNS 
(1.13 ± 0.18) exceeds the scale radius (0.56 ± 0.10) of red 
galaxies in the CNOC1 survey Carlberg et al. (1997), and 
the scale radius of the emission line galaxies (3.2~t{ 2 ) ex- 
ceeds that of the blue galaxies in CNOC1 (1.82 ± 0.27). 
This comparison suggests that emission-line galaxies are a 
subsample of blue galaxies with a more extended distribu- 
tion and that absorption-line galaxies are a combination 
of red and blue galaxies. Indeed, 30% of CNOC1 cluster 
galaxies are classified as blue; only 10% of CAIRNS cluster 
galaxies inside i?2oo are emission-line galaxies. The differ- 
ent scale radii may reflect the fact that CNOC1 includes 
few galaxies outside i?2oo- 

Assuming that the NFW profiles accurately represent 
the true profiles, we can estimate the number of "infall 
interlopers," galaxies with R p < i? 2 oo but r 3 o > ^200 • 
At least 20% of absorption line galaxies and 50% of emis- 
sion line galaxies are infall interlopers. Figure 4 shows 
the fraction of galaxies projected within R p with physical 
radii r 3 £> > R p . The fraction of infall interlopers increases 
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Fig. 3. — Surface number density profiles of bright galaxies with 
(open squares) and without (filled squares) H« emission in units of 
■R200 (open hexagons show the sum). The solid (dash-dotted) lines 
show the best-fit NFW and (Hernquist) profiles. 



dramatically as the projected radius R p decreases. This 
result is consistent with the simulations of Diaferio et al. 
(2001), who show the fraction of galaxies with r^D > ^200 
as a function of R p (see their Figure 13). The actual frac- 
tion of infall interlopers probably varies significantly from 
cluster to cluster due to the non-uniform distribution of 
galaxies in the infall region (i.e., groups and filaments). 
This result validates an assumption often used in cluster 
studies, namely, that star-forming/blue/spiral galaxies are 
not good tracers of the mass distribution in the virial re- 
gion (e.g., Carlberg et al. 1997). It is interesting to note 
that even among absorption-line galaxies, the fraction of 
infall interlopers is 20%. Because the density of the in- 
fall region increases with redshift (Ellingson et al. 2001), 
the fraction of infall interlopers probably increases with 
redshift. 

Projection effects have important implications for the 
analysis of cluster galaxies. The strong radial dependence 
of the fraction of galaxies with emission lines suggests that 
many and perhaps all emission-line galaxies projected in- 
side r2oo actually lie at larger radii. These galaxies may 
lie in the infall region or they may be interlopers from the 
field. The "infall interlopers" alone comprise at least 50% 
of emission- line galaxies with R p < r 2 oa- 

Among bright galaxies, the fraction of galaxies without 
emission lines is still quite large well outside i?200- This 
result shows that some early-type galaxies projected in- 
side i?200 lie at greater radii and thus that their kinemat- 
ics might not represent a relaxed population. Restricting 
virial mass estimates to galaxies without emission lines is 
effective at removing the emission-dominated "infall inter- 
lopers" (galaxies inside r t but outside r 2 oo) but does not 
remove the infall interlopers without emission lines. 
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Fig. 4. — Fraction of galaxies within projected radius R p that 
are "infall interlopers" (galaxies within the cluster virial or infall 
region but with physical radii r^o > R p ) versus R p , computes as- 
suming NFW number density profiles for both populations (Figure 
3). The errorbars show the Poissonian uncertainties on the number 
density profiles and do not include any uncertainty in the model. 
Dashed and solid lines represent emission and absorption galaxies 
respectively. 



3.2. Kinematic Distribution of Spectroscopic Types 

Figure 5 shows the velocity distribution of emission- and 
absorption- line galaxies projected inside i?200- We find 
no evidence for kinematic segregation; a two-sample K-S 
test indicates a 28% probability that two samples drawn 
from the same parent distribution would show a larger dif- 
ference. We do find a larger velocity dispersion for the 
emission-line galaxies with an F test, but this test as- 
sumes that the parent distributions are Gaussian. Bright 
emission-line galaxies are quite rare in clusters; even after 
stacking the nine CAIRNS clusters, there are 42 bright 
emission-line galaxies inside i?200, compared to 293 bright 
absorption-line galaxies (43 bright galaxies have no FAST 
spectra). 

Figure 6 shows the velocity dispersion profiles (VDPs) 
of emission and absorption line galaxies. The profiles are 
quite similar. We obtain similar results when including 
all galaxies brighter than Mk, = —21.0 (an incomplete 
sample), suggesting that the similarity of the VDPs ex- 
tends to fainter magnitudes. There is also no significant 
difference between the velocity distributions in the inter- 
val 1< i? p /i?200 <2 (bottom panel of Figure 5). Figure 
7 shows redshift versus projected radius for the CAIRNS 
member galaxies with different symbols for emission and 
absorption line galaxies. 

These results contradict conventional wisdom about the 
velocity distribution of early and late- type galaxies. Early 
studies of kinematic differences in Virgo (Huchra 1985; 
Binggeli et al. 1987) show different velocity dispersions for 
early and late-type galaxies, but Virgo is a very complex 



Fig. 5. — (Top panel) Velocity distribution of galaxies projected 
inside -R200 with (dashed line) and without (solid line) Ha emission. 
(Bottom panel) Same as top panel for galaxies projected in the 
interval 1 — 2_R200- Backsplash galaxies should be peaked at zero 
velocity. 
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Fig. 6. — Velocity dispersion profiles of bright galaxies with 
(dashed line) and without (solid line) Ho emission. 



system and neither investigation uses a nonparametric K- 
S test. Similar differences exist in A576 for emission- and 
absorption-dominated galaxies (Mohr et al. 1996), and for 
red and blue galaxies projected in the virial regions of clus- 
ters (Kent & Gunn 1982; Colless & Dunn 1996; Carlberg 
et al. 1997). Mohr et al. (1996) found that the velocity 
dispersions differ according to an F test, but "a K-S test 
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Fig. 7. — Velocity versus projected radius for bright galaxies with (open squares and triangles) and without (dots) Ho emission (crosses 
are galaxies without FAST spectra). Squares and triangles indicate Hnand AGN type emission respectively. 



fails to distinguish between the two velocity distributions." 
In the CNOC1 clusters, red and blue galaxies have signifi- 
cantly different VDPs, but Jeans' analysis yields consistent 
cluster masses for both red and blue populations (Carlbcrg 
et al. 1997). The CNOC1 results therefore suggest that 
the blue galaxy population is in dynamical equilibrium 
with the same underlying mass profile as the red galax- 
ies. A galaxy population on first infall is not expected 
to be in equilibrium with the underlying mass profile and 
would not necessarily satisfy the Jeans' equations. The 
emission-line galaxies in CAIRNS have the same velocity 
distribution but a different spatial distribution than the 
absorption-dominated galaxies; the CAIRNS emission-line 
galaxies are therefore not in dynamical equilibrium with 
the mass profile traced by the absorption-dominated galax- 
ies. 

To test the robustness of previous results, we revisit the 
analysis of Colless & Dunn (1996), who found a difference 
between red and blue galaxies at the 99.2% confidence level 



with a K-S test in the Coma cluster. They use the pho- 
tometric catalog of Godwin et al. (1983) based on photo- 
graphic plates to identify galaxies within and blueward of 
a color-magnitude relation (see their Figure 12). We repro- 
duce their color cut using an updated redshift catalog from 
NED and Paper I. Using a similar membership criterion 
(4000 < cz < 10000 km s _1 ), we find that the difference is 
only significant at 97.5%; the significance drops to 90.0% 
with the redshift cut 4000 < cz < 9000 km s . Their re- 
sult is based only on galaxies classified in the larger of two 
subclusters defined by the KMM algorithm; we perform 
a similar cut by selecting only galaxies within 30' of the 
center of Coma, but obtain nearly identical results (97.6% 
versus 97.5%). We therefore conclude that the kinematic 
difference between blue and red galaxies claimed by Colless 
& Dunn (1996) is not robust. 

The inclusion of galaxies at the edges of the distribu- 
tions risks including interlopers from the field; because 
field galaxies have a much larger fraction of blue galaxies, 



10 



Rines et al. 



these interlopers are likely to be blue galaxies. Inclusion of 
these field interlopers artificially increases the velocity dis- 
persion of blue galaxies. Our membership selection from 
the caustics is generally more conservative than techniques 
such as 3-cr clipping, which are used for sparser galaxy 
samples. If there are real differences in the kinematics 
of red and blue galaxies, these should be present in the 
main part of the distribution and not just in the high- 
velocity tails. Thus, stricter membership criteria should 
not mask real kinematic differences. However, looser cri- 
teria may include interlopers and artificially increase the 
velocity dispersion of blue galaxies relative to red galaxies. 

Biviano et al. (2002) performed a more robust inves- 
tigation of luminosity and morphological segregation in 
the ENACS clusters. They find significant differences in 
the (R,v) distributions of three classes of galaxy types 
(E+E/S0+S0, early-type spirals, and late- type spirals + 
emission line galaxies). However, they find no significant 
difference in the velocity distributions of E+E/S0+S0 and 
early-type spirals in the radial range 0.25 < R p /r2oo < 
0.75 or in the three types in the radial range 0.75 < i? p /r 2 oo < 
1.5. Possible explanations for the differing results include 
the classification used (morphology versus emission lines), 
the sampling of fainter galaxies in ENACS (this is partic- 
ularly important for later morphological types which are 
rare in CAIRNS), and differences in membership assign- 
ment. 

The issue of kinematic segregation among galaxy types 
is very subtle. The results depend significantly on mem- 
bership classification, survey completeness and uniformity, 
survey depth, morphological versus spectroscopic classifi- 
cation, and the definitions of cluster centers. CAIRNS 
uses relatively strict membership criteria which may clas- 
sify galaxies at the edges of the velocity distribution as 
non-members. This selection tends to decrease the differ- 
ence between the two populations. 

3.3. A Test of the "Backsplash" Scenario 

Recent simulations demonstrate that a significant num- 
ber of galaxies observed outside cluster virial radii are 
"backsplash" galaxies (Balogh et al. 2000; Mamon et al. 
2004), galaxies that have passed through the virial region. 
Hi observations of galaxies in Virgo suggest that galaxies 
at radii as large as 2i?200 have undergone ram pressure 
stripping (Solanes et al. 2002; Sanchis et al. 2002; Vogt 
et al. 2004), a process which requires that the galaxies 
have encountered dense intracluster gas present only in 
the core of Virgo. Sanchis et al. (2004) show that these 
galaxies can be backsplash galaxies. 

Recent simulations by Gill et al. (2005) show that the 
velocity distribution of backsplash galaxies is much more 
centrally peaked than that of infalling galaxies (see their 
Figure 8; they define backsplash galaxies as those which 
have passed within 1.4r 2 oo)- If ah galaxies in the inter- 
val 1.4 < i?p/i?200 < 2.8 are on first infall, then the ob- 
served absolute velocity (\cz — cz c i uster \) distribution peaks 
at ~400km s _ . If, instead, galaxies in this interval are 
a mixture of backsplash and infalling galaxies, then the 
observed absolute velocity distribution is peaked at zero 
velocity. Thus, Gill et al. (2005) suggest that the ob- 
served shape of the total velocity histogram in the interval 
1.4 < i? p /i?200 < 2.8 can test whether backsplash galaxies 
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Fig. 8. — (Top panel) Velocity distribution of model cluster galax- 
ies projected in the interval 1.4 — 2.8R200 from the backsplash and 
infalling populations (solid and dashed lines respectively). (Mid- 
dle panel) Velocity distribution of absorption and emission galaxies 
(solid and dashed lines respectively) under a toy model where all 
backsplash galaxies are absorption-dominated and infalling galaxies 
are split evenly between those with and without Ha emission. (Bot- 
tom panel) Observed distribution of emission/absorption galaxies 
(dashed/solid lines) in the CAIRNS clusters. 



are present in this interval or whether all galaxies in this 
interval are on first infall (see their Figure 8, reproduced 
here as the top panel of Figure 8). We compare the to- 
tal velocity distribution of CAIRNS galaxies in this radial 
interval with a mock total velocity distribution of back- 
splash plus infalling galaxies from Figure 8 of Gill et al. 
(2005). A K-S test fails to distinguish between the two 
total velocity distributions at the 95% confidence level. A 
K-S test clearly distinguishes between the CAIRNS total 
velocity distribution and both the velocity distributions of 
infalling and backsplash galaxies (greater than 99.9% con- 
fidence). Thus, our observations of the total velocity dis- 
tribution show clear evidence for the existence of a mixed 
backsplash and infalling population. This result excludes 
extreme scenarios where all backsplash galaxies are either 
completely disrupted or sufficiently stripped of stars to lie 
below our minimum luminosity. 

While the total velocity histogram provides evidence of 
the existence of a backsplash population, it does not con- 
tain information on the properties of backsplash and in- 
falling galaxies. Gill et al. (2005) show that the veloci- 
ties of backsplash galaxies are much more strongly peaked 
around the cluster redshift than the velocities of galax- 
ies infalling for the first time. When projected along an 
observer's line-of-sight, these differences are reduced but 
still significant. Thus, if the properties of a galaxy reflect 
whether it is backsplash or on first infall, then different 
galaxy distributions will have different velocity distribu- 
tions. For instance, if close passage to a cluster center 
always truncates star formation, then a galaxy with emis- 
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sion lines must be on first infall and not a backsplash 
galaxy. We therefore propose a toy model of the back- 
splash scenario to convert the simulation results into ob- 
servable quantities: we assume that environmental trun- 
cation of star formation in galaxies is achieved only by 
passage through the virial region and that the truncation 
mechanism is perfectly efficient. 

In this toy model, the velocity distribution of emission- 
line (and therefore all infalling) galaxies should be skewed 
to larger projected velocities relative to absorption-line 
galaxies (which contain a mixture of backsplash and in- 
falling galaxies) (middle panel of Figure 8). From the 
CAIRNS field sample, 66±5% of bright field galaxies lack 
emission lines, so we assume that 66% of bright galaxies on 
first infall will lack star formation due to non-environmental 
effects. The difference between the velocity distributions 
of the two populations should be statistically significant 
even if 66% of the infalling galaxies are absorption-line 
galaxies (a K-S test shows a difference at >99% confidence 
for a sample the size of CAIRNS; middle panel of Figure 
8). Note that Gill et al. (2005) convolve the projected ve- 
locities with a 'typical' observational error of 100km s _1 ; 
because the uncertainties in our redshifts are typically 
30km s~\ their Figure 8 understates the expected differ- 
ence between the populations for the CAIRNS sample. 

We now turn to the observations. The bottom panel 
of Figure 8 shows the velocity distribution of emission 
and absorption-line galaxies from CAIRNS in the inter- 
val 1.4 < i? p /i?200 < 2.8. While our toy model predicts 
significant differences, the observed velocity distributions 
of emission line and absorption line galaxies are indistin- 
guishable (consistent at the 89% level with a K-S test; see 
the bottom panel of Figure 8). 

The similarity of the velocity distributions of star-forming 
and passive galaxies in the interval 1.4 < R p /R2oo < 2.8 
shows that this toy model of the backsplash scenario dis- 
agrees with the data. Assuming that the kinematic differ- 
ences between backsplash and infalling galaxies predicted 
by the simulations are correct, then some emission-line 
galaxies must be backsplash galaxies (otherwise the veloc- 
ity histogram of the emission-line galaxies in the bottom 
panel of Figure 8 would not be centrally peaked). That is, 
the observed velocity distribution of emission-line galaxies 
suggests that at least some of them have passed through 
the virial region (1.4r2oo) of the cluster. Thus, whether a 
galaxy is a backsplash galaxy or on first infall is not the 
primary determinant of the presence or absence of ongoing 
star formation (in the inner disk). The above toy model of 
the backsplash scenario could probably be modified to fit 
the data, for example by restricting the definition of back- 
splash galaxies to those that have passed within 0.5r2oo 
(rather than within 1.4r2oo) of the central cluster or by 
allowing the mechanism affecting backsplash galaxies to 
be less than 100% efficient. It is also possible that such a 
passage may strip the halo gas reservoir of a galaxy that 
would fuel future star-formation but would not strip the 
existing molecular gas, allowing continued star formation 
for ~1 Gyr (Larson et al. 1980) or only strip the outer disk, 
leading to truncated spirals (Koopmann & Kenney 2004; 
Vogt et al. 2004) which may not be detected in our data. 
We exclude only the extreme model described above. 

The conclusion that a pure backsplash model does not 



describe the data is consistent with the conclusion of pre- 
vious investigations that the fraction of galaxies with cur- 
rent star formation shows the same dependence on local 
density both inside and outside clusters (Lewis et al. 2002; 
Gomez et al. 2003; Balogh et al. 2004, see §3.5). That is, 
both analyses suggest that mechanisms correlated with lo- 
cal density are more important than proximity to a cluster 
in determining a galaxy's star formation rate. 

Another important implication of the kinematic similar- 
ity between star-forming and passive galaxies is that the 
star-forming galaxies are not all interloping field galax- 
ies; field interlopers would not show a velocity peak at 
the cluster redshift. Most of the emission- line galaxies in 
this radial bin are within the infall region. Note, however, 
that Figure 4 suggests that ~30% of these galaxies have 
r 3D > 2.8r 200 - 

3.4. Distribution of Emission Line Galaxies on the Sky 

If emission line galaxies are interlopers from the field, 
then their distribution on the sky should not reveal the 
presence of a cluster. From the radial distribution of emis- 
sion line galaxies, we know that they do not show the clus- 
ter as well as the absorption line galaxies. Figures 9 and 
10 show the distribution of bright [M Ks < -22.7 + 51og/i) 
emission line and absorption line galaxies on the sky. In- 
deed, the emission line galaxies are much less clustered 
than absorption line galaxies. It is evident, however, that 
the emission-line galaxies trace at least some of the same 
structures, although there are large cluster-to-cluster vari- 
ations (contrast Coma/A2199/A1367 with A119/A194). 
It is again striking that the kinematics of the populations 
are so similar while their spatial distributions differ dra- 
matically. Such a situation is possible if the emission-line 
galaxies are not in dynamical equilibrium, which would 
not be surprising for a population on first or second infall. 

3.5. Spectroscopic Types as a Function of Local Density 

When determining the impact of environment on galaxy 
properties, it is critical to distinguish between local and 
global density. We now ask whether the radial depen- 
dence of the fraction of galaxies with emission lines is ev- 
ident when studying this fraction as a function of local 
galaxy density. Here, we consider the density estimate 
= n/i^Dn) where D n is the projected distance to the 
nth nearest neighbor (Mk < —22.7). We use redshifts 
to determine cluster membership but not the estimated 
line-of-sight separation; for cluster members, D n is the 
distance to the nth nearest member (Mk < —22.7), but 
for nonmembers, D n is the distance to the nth nearest 
galaxy with Av < 1000 km s _1 (M K < -22.7) regard- 
less of cluster membership. The distances D n may be un- 
derestimated for field galaxies close to the infall regions 
(where galaxies in the infall region have large peculiar ve- 
locities and are therefore counted as neighbors), but such 
galaxies comprise a small fraction of the total field sample. 
We restrict the field galaxies to the redshift range 2000- 
12000 km s _1 . We exclude galaxies in the foreground or 
background of A119, A168, and A194 from the field sam- 
ple because these systems comprise a large fraction of the 
foreground or background of the others. Although not a 
complete sample, the absolute magnitude distribution of 
the field sample is very similar to the distribution of the 
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Fig. 9. — Distribution on the sky of different galaxy types in four of the CAIRNS clusters. Solid squares, open squares, and open triangles 
show absorption-dominated, star-forming, and AGN galaxies respectively, while crosses indicate galaxies without FAST spectra. 



cluster/infall sample. We exclude all galaxies for which 
D n is larger than the distance to the edge of the survey 
region. Because CAIRNS probes rich clusters, we probe 
densities up to an order of magnitude larger than studies 
based on 2dF and SDSS (which at present contain rela- 
tively few rich, nearby clusters). 

Figure 11 shows the fraction of emission-line galaxies as 
a function of local density (£5 ) . The trends are very sim- 
ilar to those in Figure 1, demonstrating that local density 
is indeed an important characterization of environment. 
Figures 1 and 11 are the only ones which include galaxies 
fainter than Mk s — — 22.7 + 51og/i, but note that the local 
density estimate uses only galaxies brighter than this limit 
(the local densities are therefore directly comparable). In 
particular, it is curious that A168 shows a stronger trend 
with local density than with distance from the cluster cen- 
ter. The galaxy samples used to calculate the emission line 
fraction differ for the different clusters, but the local den- 
sity £5 is always calculated only from the bright galaxies 



(M K < -22.7). 

We now test whether local or global environment is more 
important in determining the star formation properties of 
the inner parts of galaxies. Figure 12 shows the local den- 
sity £5 as a function of clustrocentric distance. These two 
parameters are significantly correlated inside r2oo , but be- 
yond r2oo (the infall regions), there is a wide range of £5 
at a given value of R p . Thus, if clustrocentric radius is 
more important than local density, the emission fraction 
of galaxies in the infall region should exhibit little or no 
dependence on £5. 

We separate the galaxies into three types of global envi- 
ronment in Figure 13. The three panels show the emission 
line fractions of bright galaxies inside the virial regions 
(R p < i?20o)> inside the infall regions (1 < i? p /i?200 < 5) 
and "field" galaxies (all nonmembers with the absolute 
magnitude and redshift cutoffs described above). At fixed 
local density, the emission line fraction is independent of 
global environment (virial region, infall region, or field). 
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Fig. 10. — Same as Figure 9 for the other CAIRNS clusters in the sample. 



This result demonstrates that local density is the primary 
environmental factor in determining the current star for- 
mation properties of galaxies. This conclusion is consis- 
tent with previous investigations of galaxies in and near 
clusters (Balogh et al. 1997; Diafcrio et al. 2001; Ellingson 
et al. 2001; Lewis et al. 2002; Gomez et al. 2003; Treu et al. 
2003; Balogh et al. 2004; Gray et al. 2004; Tanaka et al. 
2004), and the emission fractions agree well with Balogh 
et al. (2004). We extend this relation to densities larger 
by a factor of a few than those probed in Balogh et al. 
(2004). The emission fraction of galaxies in the virial re- 
gion declines significantly at densities £5 > 20/i 2 Mpc~ 2 , a 
regime previously unprobed (Figure 13). 

The strong trend in the field sample (bottom panel of 
Figure 13) is perhaps surprising, as most previous studies 
restrict their samples to galaxies in and near clusters and 
groups where the local density is thought to be more re- 
liable. This dependence probably indicates that there are 
some galaxy groups in the field sample (we only exclude 
galaxies in cluster infall regions from the field sample, so 



these galaxies should sample a variety of environments). 
Carter et al. (2001) find a similar trend in the 15R survey 
(where galaxies are not selected by environment), again 
indicating the importance of local density. This depen- 
dence complicates the determination of the emission line 
fraction of field galaxies. A similar result was noted by 
Mateus & Sodre (2004), who found that the environmen- 
tal dependence of the emission-line fraction continues to 
very low densities. 

4. ENVIRONMENTAL DEPENDENCE OF STAR FORMATION 

RATES 

In the previous section we showed that the fraction of 
galaxies with current star formation is dramatically re- 
duced in and around clusters. To find the mechanism driv- 
ing this reduction in star formation rates we now analyze 
the star formation rates of cluster galaxies with current 
star formation. For instance, if the reduction in star for- 
mation rates is a gradual process such as starvation, we 
expect the distribution of star formation rates in cluster 
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galaxies to be skewed to lower rates than in field galaxies 
(of similar luminosities) with current star formation. 

Figure 14 shows EW[Ha] versus clustrocentric radius 
for galaxies in the K s selected samples. Different points 
show galaxies with absorption lines, AGN, and star for- 
mation. Naively, one might expect that the distribution 
would be contained in a triangular envelope with small 
EWs at small radii. Instead, galaxies with strong emis- 
sion lines are present at all radii. These galaxies may be 
recent arrivals which have not yet been stripped or they 
may be infall interlopers (§3.1). 

Figure 15 shows the distribution of EW[Ha] versus ab- 
solute magnitude for galaxies in three types of environ- 
ment: cluster virial regions, cluster infall regions, and the 
field. Consistent with many other studies, fainter galaxies 
tend to have stronger emission lines. CAIRNS virial re- 
gions contain few galaxies with strong emission lines. The 
distribution of EW[Ha] for galaxies in the CAIRNS in- 



fall regions, however, is very similar to that in the field. 
It is curious that the only emission-line galaxies brighter 
than Mk s = — 25 in any environment are the cD galaxies 
of A496 and A2199, both of which are AGN. Figure 16 
shows histograms of EW[Hai] in these three environments 
both for all bright galaxies and for only bright galaxies 
with EW[Ha]>2A. We use K-S tests to test whether the 
distributions of EW[Ha] in the cluster, infall, and field 
samples are different. The overall bright galaxy samples 
in the three environments are definitely different (a K-S 
test distinguishes them with more than 99.9% confidence). 
Among bright galaxies with emission lines, however, we 
find no significant differences (at the 90% confidence level) 
between samples with the same absolute magnitude limits. 
Similarly, we find no differences among the three environ- 
ments for galaxies with moderately strong (EW[Ha]>10A) 
emission lines. This weak dependence of EW[Ha] on en- 
vironment was first observed by Carter et al. (2001) for 
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galaxies in all environments from the 15R survey, and 
this weak dependence has been confirmed by Balogh et al. 
(2004) and Tanaka et al. (2004), who find similar results 
in a study of galaxies in both 2dFGRS and SDSS. 

One potential explanation of the similarity of the dis- 
tributions of EW[Ha] in different environments is that 
changes in star formation rates occur abruptly, perhaps 
due to ram pressure stripping or strong tidal interactions 
(van Dokkum et al. 1998; Balogh et al. 2004). Galax- 
ies with star formation that is truncated abruptly should 
show evidence of a population of A stars, i.e., K+A or 
E+A galaxies (e.g., Kauffmann et al. 2004). We search 
for galaxies with strong Balmer absorption (EW[H5]>5A) 
and find two candidates among wlOOO bright galaxies and 
one definite E+A in A168 at 0.3 mag below our mini- 
mum luminosity. Curiously, this galaxy lies just 23ft~ 1 kpc 
in projection from and at the same redshift as a bright 
galaxy in our sample that is 2.15 mag brighter than the 
E+A galaxy. Both of the bright candidates are consistent 
with EW[H(5]<5A at the 1-cr level and one of them has 
a SDSS spectrum which shows emission lines. The fre- 
quency of E+As among bright galaxies in nearby clusters 
is therefore <0.1%, crudely consistent with other studies 
of local galaxies in all environments (Zabludoff et al. 1996; 
Quintero et al. 2004). The FAST spectra have lower S/N 



at blue wavelengths. It is thus possible that we miss some 
of these galaxies due to low S/N. A definitive search would 
require followup spectra with higher S/N. However, other 
investigators have found that Coma contains no bright 
post-starburst/post-star- forming galaxies, unlike clusters 
at moderate redshift (Caldwell & Rose 1997; Poggianti 
et al. 2004), although Coma does contain some faint post- 
starburst galaxies (Caldwell et al. 1996). 

Kauffmann et al. (2004) show that the relations be- 
tween star formation tracers do not depend on environ- 
ment, despite the fact that the tracers are sensitive to 
different timescales of star formation. They conclude that 
the only way to maintain these relations is for cessation of 
star formation to occur on very long timescales (>1 Gyr). 
However, this conclusion is based on a specific star forma- 
tion history where star formation is constant for 10 Gyr 
(\og(SFR/M*) = —10 where M* is the total stellar mass of 
the galaxy) after which star formation halts abruptly. This 
model is reasonable for all emission-line galaxies except 
those with log > 10 (Brinchmann et al. 2004). How- 
ever, our sample and that of Balogh et al. (2004) consists 
mostly of galaxies with these high masses. Brinchmann 
et al. (2004) find that galaxies with log M* > 10.5 typ- 
ically have \og(SFR/M*) < —10.5, indicating that their 
SFRs were greater in the past. Detailed modeling of the 
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star formation histories of more massive galaxies may re- 
solve this discrepancy. 

The models shown by Kauffmann et al. (2004) reach 
the SF relations of normal galaxies after ~T.5 Gyr. Thus, 
if cessation of star formation (by any mechanism) occurs 
largely at moderate or high redshifts (an alternative sug- 
gested by Balogh et al. 2004). these galaxies would have 
sufficient time to reach the SF relations observed for local 
galaxies. This type of solution points towards the signifi- 
cance of the initial conditions of galaxy formation and thus 
blurs the line between effects related to the initial condi- 
tions of galaxy formation and effects related to subsequent 
environmental evolution. Detailed studies of Ha proper- 
ties at moderate redshift should help resolve this conflict. 
For instance, Kodama et al. (2004) use narrowband imag- 
ing and photometric redshifts to analyze one cluster at 
z «0.4 and find results similar to those we find for clus- 
ters in the nearby universe: the fraction of galaxies with 
Ha emission depends strongly on local density, but the 
Ha luminosity function does not depend strongly on envi- 
ronment. These results, particularly if they are true gener- 
ally for clusters at moderate redshift, strengthen the case 
for rapid truncation of star formation. Curiously, the star 
formation-density relation in this cluster is much stronger 
than the morphology-density relation discussed in Treu 



et al. (2003), suggesting that star formation is more sensi- 
tive than morphology to environment. 

Alternatively, there may be competing processes affect- 
ing star formation, e.g., reduced star formation due to 
stripping of the halo gas reservoir but enhanced circum- 
nuclear star formation due to tidally induced starbursts. 
Because fiber spectra and our FAST spectra are dominated 
by light from the inner few kpes of galaxies, these spectra 
may have larger measured EW[Ha] than integrated spec- 
tra (see the discussion in §5). An objective prism study of 
cluster galaxies suggests that cluster galaxies have a higher 
incidence of tidally induced circumnuclear starbursts than 
field galaxies (Moss & Whittle 2000). Detailed modeling 
would be required to see whether such competing processes 
would cause galaxies to deviate significantly from the re- 
lations among SF tracers. Finally, the importance of pro- 
jection effects especially for emission-line galaxies (§3.1) 
suggests that many, perhaps most emission-line galaxies 
lie at much lower spatial densities. The similarity of the 
two SFR distributions would then be a consequence of 
drawing from the same parent distribution of local spatial 
density and artificially large projected densities. 

We now test other density estimators to determine whether 
suppression of star formation might be correlated with a 
more local density estimate. We consider four density 
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Fig. 14. — EW[Hq] versus clustrocentric radius. Solid squares, open squares, and open triangles show absorption-dominated, star-forming, 
and AGN galaxies respectively. 



estimates: the distance D n to the nth nearest neighbor 
(M K < -22.7) for n = 1, 5, and 10 (defined in §3.5), 
and the number of galaxies Ni l within a circle of radius 
l.l/i _1 Mpc. Figure 17 shows EW[Ha] as a function of the 
distance to the nearest (bright) neighbor in the CAIRNS 
clusters. We exclude all galaxies with D\ is larger than the 
distance to the edge of the survey region. Figure 18 shows 
this relation in three environments: virial regions, infall re- 
gions, and the field. Because of the large (projected) den- 
sities in the virial regions, there are few "isolated" galaxies 
in the virial regions with large values of D\. Also, "close 
pairs" (i.e.,Z?i < 50 ft, _1 kpc) in virial regions contain few 
galaxies with large EW[Ha] compared to close pairs in in- 
fall regions and the field. The close pairs in the infall and 
field environments with large EW[Ha] (>40A)arc likely 
tidally induced starbursts (Barton et al. 2000). Apart from 
this difference, the distribution of EW[Hai] versus D\ ap- 
pears to be very similar in the three environments. Figures 
19 and 20 show the similar distributions of EW[Ha] versus 



D5. We find similar distributions of EW[Ha] versus Dio 
and Ai.i which we omit for brevity. There are no obvious 
differences in these distributions among the three types 
of environment. We confirm this quantitatively by com- 
paring the distributions of EW[Ha] for cluster and infall 
region galaxies above and below the median value of D\ 
and -D5 with a K-S test; the tests show no differences at 
the 95% confidence level. We similarly find no differences 
in the distributions of EW[Ha] for galaxies in the most 
and least dense quartiles. 

Several authors have discussed the median and quar- 
tiles of the ditribution of EW[Ha] as a function of local 
density (Gomez et al. 2003; Balogh et al. 2004; Tanaka 
et al. 2004). They find evidence for a "break" in the dis- 
tributions at a local density of £5 « 2h 2 Mpc~ 2 . Balogh 
et al. (2004) notes that this break reflects the local density 
where the emission-line fraction drops below 25% or 50%. 
Figure 21 shows the quartiles of the EW[Ha] distribution 
as a function of local density for the CAIRNS galaxies in 
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Fig. 15. — EW[Ha] versus absolute magnitude (from left to right) for galaxies in cluster virial regions, infall regions, and the field. Solid 
squares, open squares, and open triangles show absorption-dominated, star-forming, and AGN galaxies respectively. Vertical lines indicate 
the spectroscopic completeness limit of the CAIRNS clusters. 



the three global environment types (virial regions, infall 
regions, and field). We confirm that the upper quartile 
shows a break at £5 m 1 — 2h 2 Mpc~ 2 . The quartiles of 
EW[Ha] for the if -selected CAIRNS galaxies are similar 
to those of the red-selected SDSS galaxies in Balogh ct al. 
(2004) and Tanaka et al. (2004) and smaller than those of 
the blue-selected 2dFGRS galaxies in Balogh et al. (2004). 
A striking feature of Figure 21 is that the quartiles show a 
similar dependence on S5 in all three environment types. 
This result further strengthens the case for the primacy of 
local density in determining galaxy properties. 

5. DISCUSSION 

We confirm and extend recent results on the environ- 
mental dependence of star formation. Our study utilizes 
a complete, near-infrared sample of cluster galaxies in clus- 
ters with robustly determined parameters. Our near-infrared 
selection yields a sample that is much closer to a sam- 



ple selected by stellar mass than samples selected at opti- 
cal wavelengths. In optically selected samples, the stellar 
masses of star forming galaxies near the survey limit are 
smaller than the stellar masses of galaxies near the survey 
limit without star formation. Thus, near infrared selection 
significantly reduces this potential systematic bias. 

Our galaxy spectra arc obtained with long-slit obser- 
vations, which are relatively insensitive to aperture bias 
(Carter et al. 2001). However, our spectra are still heavily 
weighted towards the nuclear regions of galaxies relative 
to true integrated spectra (e.g., Jansen et al. 2000). This 
weighting is important to remember when comparing our 
results to, e.g., detailed studies of Virgo galaxies which 
show ongoing ram pressure stripping and evidence of trun- 
cation of star-forming disks (Koopmann & Kcnney 2004; 
Kenncy et al. 2004). 

Compared to fiber surveys like 2dFGRS and SDSS, the 
CAIRNS sample avoids incompleteness due to fiber colli- 
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Fig. 17. — EW[Ha] versus local density Si (computed from the nearest neighbor distance) for the CAIRNS clusters. Solid squares, open 
squares, and open triangles show absorption-dominated, star-forming, and AGN galaxies respectively. 



sions. This completeness is very important when studying 
the properties of cluster galaxies with current star forma- 
tion because these galaxies are quite rare. 

Our long-slit spectra are dominated by light from the in- 
ner few kpes of galaxies, but they sample some light from 
the outer parts of galaxies. We therefore expect our results 
to be more robust to aperture bias than fiber surveys. The 
consistency of our results with previous investigations sug- 
gests that aperture bias and spectroscopic completeness do 
not cause significant systematic biases in 2dF and SDSS. 

A recent study of Virgo spirals (Koopmann & Kenney 
2004) suggests an important caveat to the impact of aper- 
ture bias on our results. Koopmann & Kenney (2004) 
find that many Virgo spirals have truncated Ha disks (see 
also Vogt et al. 2004). Because these truncated disks are 
not often found in samples of field galaxies, estimates of 
aperture bias based on field samples (Carter et al. 2001; 
Kewley et al. 2005) may not apply to cluster samples. We 
attempt to quantify the impact of truncated spirals on our 



results. Koopmann & Kenney (2004) list EW[Ha]both in- 
side r24 (the R-band isophote of 24 mag arcsec -2 ) and 
inside 0.3r24 (their Table 3). From this sample, we find 
that the ratio EW(inner)/EW(total) is a factor of «2.2 
larger for galaxies classified as truncated versus all other 
galaxies. To estimate the maximum impact this truncation 
would have on our results, we assume that all galaxies in- 
side i?200 are truncated and that no galaxies outside i?200 
are truncated. Then, a K-S test would detect a differ- 
ence between the emission- line populations inside/outside 
-R200 (Figure 16) at the 99.8% confidence level. However, 
some galaxies inside -R200 are probably infall interlopers 
and some galaxies outside i? 2 oo are backsplash galaxies. 
Thus, this estimate is a conservative upper limit on the 
difference in the two (projected) populations. 

Our spectroscopic samples are limited to relatively bright 
galaxies (M < M* + 1). Recently, Tanaka et al. (2004) 
have shown that slightly fainter galaxies (1 < M—M* < 2) 
in SDSS show different environmental dependencies than 
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Fig. 18. — EW[Ho] versus nearest neighbor distance Si (from left to right) for galaxies in cluster virial regions, infall regions, and the field. 
Solid squares, open squares, and open triangles show absorption-dominated, star-forming, and AGN galaxies respectively. 



bright (M < M* + 1) galaxies. The properties of galaxies 
in the luminosity bin 1 < M — M* < 2 and those of dwarf 
galaxies are not constrained by our observations. 

We measure star formation rates from EW[Ha], simi- 
lar to many other investigators (Carter et al. 2001; Lewis 
et al. 2002; Gomez et al. 2003; Balogh et al. 2004; Mateus 
& Sodre 2004; Tanaka et al. 2004). In assuming EW[Ha] is 
directly proportional to SFR (normalized by galaxy lumi- 
nosity), we assume that the extinction to continuum and 
to Hn regions are identical. If this assumption is incor- 
rect (Calzetti 2001), then Balmer decrements are necessary 
to obtain accurate SFR estimates. However, our conclu- 
sion that the distribution of EW[Ha] among galaxies with 
current star formation does not depend on environment 
(§4) holds unless the relative extinctions of continuum and 
Hii regions depend on environment. 

6. CONCLUSIONS 



The environmental dependence of galaxy properties can 
be decomposed into two effects: the fraction of galaxies 
with current star formation and the distribution of star 
formation rates among galaxies with current star forma- 
tion. Infall regions (where galaxies are infalling onto the 
main cluster but have not yet reached equilibrium) pro- 
vide a unique probe of the size scale on which environ- 
ment is important: infall regions are overdense on scales 
of 5-10/i _1 Mpc (because they are near a cluster) but they 
contain a wide range of local densities measured on scales 
of roughly l/i _1 Mpc. 

The CAIRNS sample confirms that the fraction of galax- 
ies with current star formation is suppressed both inside 
and outside the virial regions of rich clusters. For the 
first time, we show this effect in individual clusters as well 
as cluster-to-cluster variations in the effect. One cluster, 
A2199, contains X-ray groups at large radii. The emission 
fraction profile shows a dip at the radius of these groups, 
indicating that they are sufficiently massive to influence 
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galaxy properties. More generally, the emission-line frac- 
tion depends strongly on local projected galaxy density, 
and this dependence is the same in different types of global 
environment (virial regions, infall regions, and the field). 
These results together suggest a limited role for cluster- 
specific mechanisms. We extend this spectral type-density 
relation to higher local densities than probed by 2dF and 
SDSS (which at present contain relatively few rich, nearby 
clusters) . Our results indicate that previous studies based 
on 2dF and SDSS data have not been biased by systematic 
effects due to fiber spectra, aperture bias, or incomplete- 
ness in dense regions. 

The radial distribution of both emission- line and absorption- 
line galaxies closely follow NFW profiles, but with very dif- 
ferent concentrations, c «4.3 and 0.8 for absorption and 
emission-line galaxies respectively. Both concentrations 
are smaller than the mass profiles in Paper I. Lin ct al. 
(2004) reached similar conclusions about the relative dis- 
tributions of galaxies and dark matter. From these profiles 



we can predict the rate of "infall interlopers," galaxies with 
Rp < ^200 but r^r> > r2oo- At least 20% of absorption line 
galaxies and 50% of emission line galaxies are infall inter- 
lopers. Departures from spherical symmetry would likely 
increase the fraction of emission-line galaxies which are 
infall interlopers. 

Our spectroscopic completeness is important for study- 
ing the kinematics of galaxies with and without emission 
lines. There is little evidence for kinematic segregation 
between the two populations within the virial radius r2oo, 
contrary to previous results and conventional wisdom. We 
show that kinematic segregation is a very subtle issue 
strongly dependent on membership classification, survey 
depth and completeness, parametric versus nonparamet- 
ric tests, and galaxy classification. 

Galaxy populations vary with environment both inside 
and outside cluster virial regions. Galaxies in cluster in- 
fall regions are an intermediate population between clus- 
ter galaxies and field galaxies. Thus, either the physical 
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Fig. 16. — (Top panel) Distribution of EW[Ha] in different envi- 
ronments. Solid, dashed, and dash-dotted lines indicate galaxies in 
virial regions, infall regions, and the field respectively. Histograms 
have been normalized to have equal areas. (Bottom panel) Cumu- 
lative distributions of EW[Ha] for galaxies with EW[Ha]>2A. 
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Fig. 21. — Medians (thick lines) and quartiles (thin lines) of the 
distributions of EW[Ha] versus local density £5 in the three global 
environment types. 



mechanisms responsible for changes in galaxy populations 
operate outside of cluster virial regions or a significant 
number of galaxies in the infall region have already passed 
through the virial region. The latter "backsplash" sce- 
nario has been invoked to explain the presence of galaxies 
apparently stripped of Hi at large distances from clusters. 



Numerical simulations predicts different velocity distribu- 
tions for backsplash galaxies and those on first infall in 
the interval 1.4 < R p /r 20 o < 2.8 (Gill ct al. 2005). A toy 
model of this backsplash scenario (where we assume that 
backsplash is the only mechanism affecting star formation 
and that this mechanism is perfectly efficient) disagrees 
with the observations. The Hi-deficient galaxies may in 
fact be backsplash galaxies, but our result shows that the 
backsplash scenario cannot be the only or even the pri- 
mary mode of galaxy transformation. This result supports 
mechanisms for which local galaxy density is more impor- 
tant than the distance to the nearest cluster. This con- 
clusion agrees with the results of previous studies which 
show similar relations between galaxy population and lo- 
cal density both near and far from clusters (Lewis et al. 
2002; Gomez et al. 2003; Balogh et al. 2004; Treu et al. 
2003; Tanaka et al. 2004). We confirm that galaxy prop- 
erties seem to change significantly at local densities larger 
than £5 > 2/i 2 Mpc~ 2 . It is remarkable that a similar 
scale has been found in many heterogeneous studies us- 
ing different wavelengths for selection and different classi- 
fication schemes (morphological, photometric, or spectro- 
scopic) (Postman & Geller 1984; Lewis et al. 2002; Gomez 
et al. 2003; Balogh et al. 2004; Treu et al. 2003; Tanaka 
et al. 2004). 

The distribution of star formation rates (emission-line 
strengths in the inner parts of galaxies, to be precise) 
among galaxies with current star formation shows little 
dependence on environment, confirming previous studies 
(Carter et al. 2001; Balogh et al. 2004; Tanaka et al. 2004). 
This result excludes mechanisms which produce gradual 
reductions in star formation rates and supports those that 
lead to sudden truncation of star formation (see also van 
Dokkum et al. 1998; Balogh et al. 2004) or mechanisms (of 
any timescale) which operate only until moderate redshifts 
(timescales >1.5 Gyr, see §4 and Kauffmann et al. 2004). 
If these mechanisms lose effectiveness in more recent times, 
star-forming galaxies which "survive" until moderate red- 
shift would evolve similarly to star-forming field galaxies; 
galaxies that lose their gas reservoir evolve until little ev- 
idence remains of their earlier star formation. An alter- 
native possibility is that much of the star formation seen 
in cluster virial and infall regions occurs in bursts with 
short timescales consistent with tidal triggering (e.g., Bar- 
ton ct al. 2000; Moss & Whittle 2000). Finally, if most 
emission-line galaxies observed at large projected densities 
lie at significantly lower spatial densities, the similarity of 
the distributions is simply a result of looking at two sam- 
ples of the same parent distribution. From the number 
density profiles of the two galaxy types, we calculate that 
at least 50% of emission-line galaxies with R p < r2oo are 
infall interlopers. Galaxies in infall regions sample a wide 
range of local densities (Figure 12), so this explanation is 
plausible. 

Our observations (and those of fiber-based surveys) are 
not very sensitive to Ha emission in the galaxy outskirts; 
thus our spectra will likely not show evidence of trun- 
cated star-forming disks (cf. Koopmann & Kcnney 2004; 
Vogt et al. 2004). If star formation in the inner few kpes 
of galaxies is unaffected on average, then this difference 
might explain why we find a similar distribution of SFRs 
inside and outside clusters. Integrated spectra or wide- 
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field, narrowband Ha observations could test this hypoth- 
esis. An objective prism study of cluster galaxies suggests 
that cluster galaxies have a higher incidence of tidally in- 
duced circumnuclear starbursts than field galaxies (Moss 
& Whittle 2000), again indicating differences between the 
star formation properties of cluster galaxies measured on 
different size scales even though these differences arc not 
large for field galaxies (Kewley et al. 2005). 

Future studies of galaxy properties in poor clusters and 
groups may provide further insight into the physical mech- 
anisms responsible for the relation between star formation 
and local galaxy density. Similarly, detailed studies of in- 
dividual galaxies may show these mechanisms in operation 
(e.g., Kenney et al. 2004). Extending these observations 
to systems at moderate and high redshift would directly 
probe the timescale of this evolution. In a study of a clus- 
ter at z w0.4 with narrowband Ha photometry, Kodama 
et al. (2004) find trends similar to those found in the local 
universe in both the spectral type-density relation and the 
weak dependence of the Ha luminosity function on local 
density. Finally, Hi observations of complete samples of 
cluster galaxies could reveal the connections between star 
formation rates and the available gas reservoir (e.g., Vogt 
et al. 2004). Untangling the relation between and evolu- 
tion of different tracers of star formation as a function of 
environment is a difficult proposition, but future observa- 
tions hold the promise of resolving several of the curious 
results we find in nearby clusters and their outskirts. 
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